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Introduction
During its magnetopause survey phase, NASA's Magnetospheric Multiscale (MMS) mission encountered a large number of plasma-kinetic-scale magnetic reconnection sites Fuselier et al. [2017] ; Wang et al. [2017] . One of the key objectives of MMS is to investigate the kinetic processes that drive reconnection in the electron diffusion region (EDR) for a variety of upstream conditions . To this end, each magnetopause EDR observation contributes to the central goals of MMS, as it allows for events with similar and dissimilar conditions to be compared and contrasted. identified the role of agyrotropic "crescent-shaped" electron velocity distribution functions (eVDFs) in energy conversion in the central EDR of high-magneticshear reconnection, as was predicted by Hesse et al. [2014] . Similarly, Burch and Phan [2016] found agyrotropic crescents in the central EDR of moderate-shear reconnection, which was similarly predicted by Hesse et al. [2016] . , Phan et al.
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[2016b], and Hwang et al. [2017] found that downstream of the central EDR, gyrotropic and anisotropic "outflow crescent" eVDFs can be observed. Similar to the agyrotropic crescents of and Hesse et al. [2014 Hesse et al. [ , 2016 , these outflow crescents are a signature of the mixing of inflowing plasmas between the reconnection X-point and the electron stagnation point Shay et al. [2016] . Ergun et al. [2016a reported observations of large-amplitude parallel electrostatic waves, which they associated with drift-instability-driven "corrugations" of the magnetopause near the separatrix and X-point. Cassak et al. [2017] and Genestreti et al. [2017] D R A F T January 9, 2018, 3:49am D R A F T While the local J · E can be much larger than predicted, it may not be indicative of a larger-than-predicted global reconnection rate Cassak et al. [2017] .
Nakamura et al. [2017] , Price et al. [2016 Price et al. [ , 2017 , and Le et al. [2017] have all recently performed 3-d PIC simulations of MMS EDR events. Nakamura et al. [2017] analyzed a large-scale simulation of the very large guide field Kelvin-Helmholtz vortex reconnection event of Eriksson et al. [2016] . Both the simulation and the data showed parallel outof-plane electric fields in the J · E > 0 region that were several times larger than what is expected for the nominal fast reconnection rate of 0.1. Nakamura et al. suggested that these large-amplitude electric fields were a result of their reconnection driven by the vortex flow rather than being spontaneous. Price et al. [2017] found that small-scale turbulence developed in their simulation, causing large-amplitude parallel electric fields and structure to form in the M − N plane of the current layer (see Section 2 for LM N coordinate definition). This structured magnetopause was similar in character to the corrugated magnetopause of Ergun et al. [2017] and the lower hybrid drift turbulence of Roytershteyn et al. [2012] . Price et al. noted that the wrapping of the normal electric field E N into the direction of the current (M ) resulted in greatly enhanced J · E . Le et al. [2017] , which analyzed a 3-d simulation of the same event studied by Price et al. [2016 Price et al. [ , 2017 , found that these oscillations in the current layer caused intense parallel D R A F T January 9, 2018, 3:49am D R A F T
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X -7 electron heating as was observed by MMS Burch et al. [2016] . Price et al. noted that the turbulence caused significant anomalous resistivity in the dissipation region, but did not affect the formation of the agyrotropic crescent eVDFs predicted by laminar 2.5-d PIC simulations of reconnection Hesse et al. [2014 Hesse et al. [ , 2016 .
J · E and generalized Ohm's law
Hesse et al. [2014, 2016] each of the terms in generalized Ohm's law, which is:
where e is the elementary charge, m e is the electron mass, n is the plasma number density, v i is the ion bulk velocity, andP e is the electron pressure tensor Torbert et al. [2016] .
Both studies found that the reconnection electric field at the X-point was balanced by the electron inertia term − me en ∇ · n( v e v e ) and that the reconnection electric field at the electron stagnation point was governed by the divergence of the off-diagonal (agyrotropic) elements of the electron pressure tensor. They questioned whether reconnection was then a fundamentally reversible process, given that bulk inertial effects appeared to dominate at the reconnection X-point. Torbert et al. [2016] was the first to calculate the electron inertia and pressure divergence terms of (1) with MMS data. They determined that, for the anti-parallel asymmetric EDR of , the energy conversion near the electron stagnation point D R A F T January 9, 2018, 3:49am D R A F T
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was driven by both pressure divergence and electron inertia at a ratio of ∼4:1. They also found that the error in the gradient approximation (and/or the anomalous resistivity) was considerable. Torbert et al. supported their findings by analyzing a 2.5-d PIC simulation of the event, which found these two terms were driving energy conversion at about the same ratio and that the anomalous resistivity term was negligible. Rager et al., [submitted] analyzed the same event as Torbert et al. [2016] and found that the gradients in the perpendicular (∼ M − L) elements on the pressure tensor were dominant. However, they concluded that the terms in Ohm's law could not be fully accurately resolved, even with their higher time resolution (7.5 ms) electron data.
Manuscript organization
In this study, we (1) introduce an EDR event that was observed by all four MMS spacecraft during an orbit where the tetrahedron had a very small (6. The following section describes the data used in this investigation and the coordinates used to organize the data. Section 3 provides an overview of the magnetopause crossing during which the EDR was detected and an analysis of the long-duration magnetosphereside separatrix. Section 4 analyzes the electron velocity distributions near the X-point.
Section 5 analyzes the terms in generalized Ohm's law during the X-point crossing. Finally, the results are summarized, discussed, and compared/contrasted with results from a similar event in Section 6.
Data, analysis methods, and LMN coordinates
We use the highest possible resolution data from the four MMS spacecraft on 28 Novem- (Figure 1a ). The spacecraft separation was very small, with an average inter-probe separation of 6.41 km ±0.50 km (Figure 1b) . The crossing was directed from the magnetosphere outward into the magnetosheath and MMS obtained measurements in both inflow regions, i.e., the magnetosphere proper and magnetosheath proper. The asymptotic upstream conditions are listed in Table 1 , where the magnetosphere-side and magnetosheath-side parameters were determined between 7:35:10-7:36:10 UT (magnetosphere proper) and 7:37:05-7:38:05 UT (magnetosheath proper), respectively. Hereafter, the subscripts "sh" and "sp" are used to describe parameters from the magnetosheath and magnetosphere, respectively.
Time-averaged MMS1 data from the magnetopause crossing is shown in Figure 2 T i,sh /T i,sp ≈ 0.09) and density (n sh /n sp ≈ 27). The positive normal B N , which was observed throughout the crossing, and the strong negative Hall B M , which was observed in the magnetopause plasma mixing region, both indicate that MMS crossed the magnetopause southward of an X-line. There was also a considerable asymmetry in the ion thermal pressure of P i,sh /P i,sp ≈2.3, which was predicted to be the source of free energy for the drift instability by Price et al. [2017] .
The transition from a magnetosphere-like ion population (low density with a ∼several 
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The reversal of v iM is observed roughly 320 km (4.6 d i,asym ) magnetosphere-ward of the B L reversal, given a timing difference of 28 seconds and an average magnetopause normal velocity of -11.4 km/s, which was determined by MFR analysis (see Section 2).
This estimated distance is comparable to the effective ion thermal gyro-radius of 305 km, based on the magnetosheath ion thermal velocity and the asymmetric ion gyro-frequency.
Simulations of 2-d anti-parallel reconnection predict that this finite-gyro-radius effect occurs within a region roughly ±15 d i downstream of the X-line Shay et al. [2016] , and observations of this finite-gyro-radius effect have been used as evidence of close proximity to the X-point ; Phan et al. [2016a] .
During the rotation of v iM , roughly between 7:36:05-30s UT, field-aligned streaming (upward, towards the X-point) and anti-field-aligned counter-streaming (downward, away from the X-point) electrons were observed with speeds up to ∼500-1000 km/s ( Figure 3a and Figure as they also found a period with little electric field activity and a reduced temperature anisotropy between the field reversal point and the normal flow reversal point. In our quiescent period, there are no obvious L-directed electron jets, as have been observed between the X-point and separatrix for anti-parallel reconnection events Hwang et al. [2017] .
The electrons also appear magnetized during this period, with an average perpendicular bulk flow (∼ 150 km/s) below the asymmetric Alfven speed (210 km/s, Table 1 ).
The quiescent period ends where the focus of the remainder of this investigation begins, at approximately 7:36:50 UT near the reversal of B L . Many signatures of the inner diffusion region are observed in this region, including an intense and narrow out-of-plane electron current, an intense broad region of electron anisotropy with T e, < T e,⊥ followed
by T e, >> T e,⊥ (Figure 3m -l), a moderate narrow region of electron agyrotropy, J · E > 0, etc., all of which are discussed in the next section. As is shown in Figure 3c Genestreti et al. [2017] ; Ergun et al. [2017] ; Chen et al. [2017] . Based on these findings, we conclude that MMS crossed the magnetosphere-side separatrix perhaps on the order of <10-15d i away from the center of the EDR. Then, MMS remained in the reconnection region while traveling northward towards the X-point, before exiting the magnetopause near the central EDR. This path is illustrated in Figure   3m . Figure 4 shows data from the four spacecraft around the B L reversal, where the largest out-of-plane current (Fig 4i) to be roughly 9 km. This thickness is significantly larger than the local electron inertial length or gyro-radius (ρ e ∼0.6 km, d e ∼1.3 km) and is closer to the scale suggested by
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Price et al. [2017] for turbulent reconnection √ ρ e ρ i ≈ 13.5 km.
The current sheet thickness is also close to the average inter-spacecraft separation, 6.4 km, which means that the linear gradient assumption should be applied with caution.
However, since (a) the curlometer current very closely resembles the average of the currents measured by each of the four spacecraft ( Figure 4m ) and (b) the linear-approximate ratio of ∇· B/∇× B is small, approximately 10% at the center of the current sheet, we conclude that the linear approximation does a reasonable job of estimating the current from the curl of B.
A broad temperature anisotropy of T e, /T e,⊥ ≈ 2 surrounds the electron J M layer. An extreme and narrow anisotropy of T e, /T e,⊥ ≈ 3.5 is colocated with the J M layer. There is also a moderate electron agyrotropy observed along with the large J M , which, is described by the √ Q parameter of Swisdak [2016] in Figure 4k . A √ Q of 0 corresponds to a fully gyrotropic distribution, where P e,⊥1 = P e,⊥2 and all off diagonal elements of the pressure However, recent work showed that the J · E > 0 region is shifted towards the X-point for guide-field asymmetric reconnection Genestreti et al. [2017] ; Cassak et al. [2017] . crossing does not organize the data near the X-point. Local LMN coordinates are therefore determined by applying minimum variance analysis to the current density vector measured by MMS1 between 52-59 s. In this "LMN-X" coordinate system, in which data in Figure   5e -f are showed, the B LX reversal occurs with the peak of J M X and the condition λ ≤ ρ e is met for the period of maximum agyrotropy for electrons with energies exceeding ∼80
eV. (Note that the "LMN-X" coordinates do not organize the larger-scale magnetopause crossing data as well as our previously-defined LMN system.)
Cuts of the eVDF within the narrow electron current layer are shown in Figure 5b and in a number of moderate-shear central EDRs Genestreti et al. [2017] . Genestreti et al. [2017] suggested that this type of distribution is typical of guide-field X-points, and that the acceleration and heating of the inflowing magnetosheath electrons along the guide field is tied to the large colocated J · E > 0. The agyrotropic ( v ⊥1 − v ⊥2 ) structure of the eVDF in the current layer is most pronounced for higher velocities, above roughly 5,000 km/s (80 eV), which is the same energy range for which λ ≤ ρ e . First, we compare the measured J · E with the approximated J ·( E DivP e + E inertial ), given by the black curves in Figure 6c The red and blue dashed lines on Figure 6d represent the portions of J · E driven by electron pressure divergence and electron inertia, respectively. As is evident, the electron pressure divergence term completely dominates the energy conversion rate and nearly independently defines both the maximum and minimum of the total (black). The largest value of J · E inertial is ∼-0.2 nW/m 3 , which, in an absolute sense, is roughly ∼20% the maximum value of J · E DivP e . The inertial electric field is also at least partially anti-aligned with J, as is evident by the negative value of their inner product. Unlike the pressure divergence term, the largest value of J · E inertial is almost exactly aligned in time with the largest out-of-plane current. The largest values of both curves, though, are achieved within the out-of-plane current layer.
Energy conversion near B L reversal
The black curve in Figure 6e , J · E DivP e , is broken up into two component parts; the magenta curve represents the divergence of the gyrotropic portion of the pressure tensor and the orange curve represents the divergence of the agyrotropic portion. As is evident, both terms seem to play some role in governing the energy conversion rate near the Xpoint. At the exact X-point, which we have suggested to have been northward of MMS, it is expected that the agyrotropic pressure force dominates the gyrotropic force completely, whereas the opposite is expected outside the EDR [Hesse et al., submitted] . In the strong positive peak of J · E , the gyrotropic term is roughly half as large as the agyrotropic term. Here, both terms are positive. The story is more complicated in the negative peak however, and the intersection between the two curves coincides with the location of the negative peak of the overall J · E DivP e curve. We interpret these results, in a general sense, as an indication that MMS was located within the EDR, where agyrotropic pressure forces are non-negligable, but outside the central EDR, where gyrotropic forces are negligible.
In order to calculate ∇·P e,gyro and ∇·P e,agyro , we have organized the pressure tensor with magnetic field coordinates local to the spacecraft tetrahedron. The parallel axis is defined by the four-spacecraft-averaged field vector. The two perpendicular axes are defined such that the last two diagonal elements of the four-spacecraft-averaged pressure tensor are equivalent, i.e., P e,⊥1 (t) = P e,⊥2 (t) , where the brackets indicate averaging over the four spacecraft and the coordinate system is time dependent. In this coordinate system, the gyrotropic elements are the diagonals and the agyrotropic elements are the off-diagonals.
Invariably, given the finite separation of the four spacecraft, this coordinate system will not separate the gyrotropic and agyrotropic pressures exactly and simultaneously for all four spacecraft. By means of estimating the error in this technique, we have calculated the four-spacecraft-averaged difference between the two perpendicular diagonal pressures, 2(P e,⊥1 − P e,⊥2 )/(P e,⊥1 + P e,⊥2 ) , which is shown in Figure 6g . The average error is on the order of roughly 2% and the maximum error for a single spacecraft is less than 4%
(not pictured). We interpret this as an indication that the gyrotropic and agyrotropic portions of the pressure tensor can be separated simultaneously on all four spacecraft with sufficient accuracy to warrant the qualitative interpretation offered in the previous paragraph.
Finally, we separate the divergences in J · ( E DivP e + E inertial ) by the directions of the derivatives. In Figure 6f the out-of-plane direction is the direction of the magnetic field, B M . We expect this approximation to work very well near the large positive J · E peak since it is nearest the B L reversal, and not very well for the large negative J · E peak as it is sheath-ward of the B L reversal.
Indeed, both methods for estimating the out-of-plane gradients yield similar curves near the positive peak of J · E , then diverge during the negative peak. We interpret this as an indication that we have separated the in and out-of-plane gradients with sufficient accuracy to claim that roughly 50% of the field-to-plasma energy conversion in this EDR was being driven by structures in the out-of-plane direction. The portion of J · ( E DivP e + E inertial ) from in-plane gradients is weak but entirely positive, which is expected in the central EDR Zenitani et al. [2011] ; Shay et al. [2016] , whereas the portion coming from out-of-plane gradients seems to be solely responsible for the negative energy conversion rate. a large density asymmetry of n sh /n sp ≈ 27, and a large asymmetry in the reconnecting magnetic field component of B L,sh /B L,sp ≈ 0.4. Additional upstream parameters are in Table 1 . The EDR was observed at a time when the MMS tetrahedron was extremely small (6.4 km), which permitted the analysis of spatial gradients of the plasma moments and field data.
Finite-gyro-penetrating magnetosheath protons were observed near but magnetosphereward of the electron separatrix, indicating that the gyro-radius reconnecting layer was sub-ion-scale at the location of MMS at the start of the crossing. Similar signatures of finite-gyro-penetrating magnetospheric protons were also observed, as in Phan et al.
[2016a]. Electron "outflow" crescents were observed within the magnetosheath-ward side of the magnetospheric separatrix, which are remote signatures of the mixing of inflowing plasmas in the central EDR between the stagnation and X points Shay et al. [2016] ;
Hwang et al. [2017] . Filamentary electron velocities similar to those of Phan et al. [2016b] and Wang et al. [2017a] were observed during the crossings of the magnetosphere-side separatrix. Electromagnetic whistler waves were observed prior to the final crossing, when MMS was near/in the magnetosphere-side inflow region, as predicted by Fujimoto
[2014]. Low-frequency electrostatic waves similar to those of Ergun et al. [2016a were observed at both the electron separatrix (±L-directed flow layer) and out-of-plane electron current layer. Following the crossing of the magnetospheric separatrix, a strong Near the X-point, at the reconnection site mid-plane, all four MMS nearly simultaneously encountered signatures of the EDR, including an intense and thin electron current layer, electron agyrotropy and anisotropy, non-ideal electric fields, non-ideal energy conversion, etc. We understood the mis-matched timing of the regions where λ ≤ ρ e and the electron agyrotropy was significant to be an indication that the LMN coordinates found for the whole crossing did not organize the data near the X-point. We then found a new LMN-X system where the inequality of Hesse et al. [2014 Hesse et al. [ , 2016 (λ ≤ ρ e ) was satisfied during the period with the largest electron agyrotropy.
The electrons surrounding the current layer had a roughly symmetric flat-top-type distribution in ± v . The symmetry of the flat-top was broken in the electron current layer, where the distribution was significantly more extended in the anti-parallel direction. The streaming of the electrons in the anti-parallel direction was responsible for the current and likely related to the colocated J · E > 0. The v − v ⊥ distribution functions at the X-point were similar in character to those observed during large guide field reconnection
by Eriksson et al. [2016] and during moderate guide field reconnection by Genestreti et al. [2017] .
The directly-measured energy conversion rate at the X-point was reasonably well approximated by J ·( E DivP e + E inertial ). The pressure divergence term dominated the inertial term by a wide margin. This is similar to MMS observations of the stagnation point during high-shear reconnection Torbert et al. [2016] [Rager et al. submitted] , but dissimilar to the predictions of 2.5-d PIC simulations Hesse et al. [2014 Hesse et al. [ , 2016 . Further analysis of the pressure divergence term revealed that both the gyrotropic and agyrotropic pressure forces contributed to the overall energy conversion rate, but the meaning behind the structure D R A F T January 9, 2018, 3:49am D R A F T and specific balance of the two terms is not currently clear. Finally, by separating the directional derivatives in the two Ohm's law terms, we found that both out-of-plane and in-plane gradients contributed to the inertial and pressure divergence terms. The portion of J · ( E DivP e + E inertial ) due to in-plane gradients was smaller and positive, whereas the portion from out-of-plane gradients was almost entirely responsible for the negative peak of J · E .
Discussion and future work
The picture of this single EDR, which was obtained by the unique capabilities of the MMS suite of plasma instruments, differs slightly from the picture of laminar and steady- et al. [2014, 2016] ; Shay et al. [2016] , and 3-d PIC simulations Price et al. [2016 Price et al. [ , 2017 .
The dominance of the electron pressure divergence term differs from the predictions of 2.5-d simulations, as does the considerable contribution from out-of-plane gradients of the pressure tensor.
We suggest that theM (∂/∂M )P e term is caused by the wrapping of theN (∂/∂N )P e term into the M direction, as was predicted by Price et al. [2017] . This would explain (1) the origin of the out-of-plane gradient terms, and (2) why the pressure tensor divergence contributed dominantly to J · E near our X-point, seeing asN (∂/∂N )P e is expected to be nearly an order of magnitude larger than E M in 2.5-D simulations Shay et al. [2016] . including some analysis of the 3-d structure of the intense out-of-plane current layer observed near the B L reversal. We have, however, found similar results for one of the corrugated magnetopause events of Ergun et al. [2017] , as is shown in Figure 7 . Energy conversion near the X-point is driven predominantly by the pressure divergence term, which is approximately twice as large as the inertial term. Similar to the 2016-11-28 event, the terms resulting from out-of-plane gradients are considerable, though this time 50% as large as the in-plane gradient terms and at least partially anti-aligned with the current.
In the future, it would also be important to analyze 3-d simulations with similar upstream conditions to those provided in Table 1 . This could be done in order to determine if J · E and the terms in generalized Ohm's law should vary along the corrugations as J is thought to Price et al. [2016] . Finally, it is also desirable to analyze other EDR events in the same way that we have analyzed the two events in Figures 6 and 7. While we analyzed additional events from Ergun et al. [2017] , none had the same clear correlation between the measured and approximated forms of J · E , which may indicate that the linear gradient assumption was invalid for these events. (e)-(g) the three components of the electric field in the electron frame, (h) the normal electric field in the spacecraft frame, (i) the out-of-plane current density, (j) the electron temperatures, (k) the electron agyrotropy, (l) the electron-frame energy conversion rates, and (m) the total current density from (magenta) the curlometer method and (black) the average of the FPI plasma moments.
D R A F T January 9, 2018, 3:49am D R A F T 
